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Donor lifetimeEach of the three plasma membrane Ato proteins is involved in ammonium signalling and the development of
yeast colonies. This suggests that although these proteins are homologous, they do not functionally substitute
for each other, but may form a functional complex. Here, we present a detailed combined FRET, FLIM and photo-
bleaching study,which enabled us to detect interactions between Ato proteins found in distinct compartments of
yeast cells. We thus show that the proteins Ato1p and Ato2p interact and can form complexes when present in
the plasmamembrane. No interaction was detected between Ato1p and Ato3p or Ato2p and Ato3p. In addition,
using specially prepared strains, we were able to detect an interaction between molecules of the same Ato
protein, namely Ato1p–Ato1p and Ato3p–Ato3p, but not Ato2p–Ato2p.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
When growing on solid media, yeast colonies undergo develop-
mental changes accompanied by pH changes to their surroundings
from acid-to-alkali and vice versa. The ammonia released during the
alkali phase acts as a long-range signal, inﬂuencing the development
of neighbouring colonies [1,2]. Three transmembrane proteins Ato1p
(Ycr010p, Ady2p), Ato2p (Ynr002p, Fun34p) and Ato3p (Ydr384p),
the expression of which increases sharply during acid-to-alkali colony
transition, play an important role in yeast colony development [3].
These proteins belong to the highly conserved Gpr1/Fun34/YaaH fami-
ly, the members of which are present in prokaryotes and lower eukary-
otes (mainly fungi) and their precise function is still unknown. Several
ﬁndings suggest that Ato proteins play a role in ammonium export,
although no direct evidence of their ammonium transporter function
has been found so far. i) The production and membrane localisation of
Ato proteins correlate with ammonia production and ATO generescence lifetime imaging; FP,
transfer; GM, glycerolmedium;
lymerase chain reaction; SPAD,
ngle-photon counting; tdimer2,
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ood Transfusion, U Nemocnice
l rights reserved.expression can be prematurely induced by ammonia from an artiﬁcial
source [4]. ii) The production of Ato proteins is signiﬁcantly diminished
in the colonies of various strains exhibiting a lack of ammonia signal-
ling [5]. iii) Respiration-deﬁcient ρ0 cells increase their production of
Ato3p that is thought to remove an excess of ammonium [6]. Other
data indicate that Ato1p andAto2p are involved in acetic acid sensitivity
[7] and Ato1p (but not the other Ato proteins) is involved in acetate
uptake in S. cerevisiae cells grown in liquid cultures [8].
Although all three Ato proteins were found in the ergosterol-rich
fraction of the plasma membrane, each of them exhibits different
membrane distribution. Ato1p and Ato3p were found in “raft” patches,
differing in their properties. Ato1p, but not Ato3p patch formation is
pH-dependent. Ato2p exhibits the most uniform distribution in the
membrane [4]. Ato1p and Ato2p are highly homologous (70% amino
acid identity), while Ato3p is less similar (33–34% amino acid identity).
The absence of any of the three Ato proteins causes a decrease in ammo-
nia production, suggesting that these proteins cannotmutually comple-
ment each others' functions [3]. This ﬁnding raises the question of
whether Ato proteins could function in a cooperative manner, possibly
forming complex(es) in the plasma membrane. This possibility is
supported by recent data suggesting that the Ato protein orthologue
Gpr1p from Yarrowia lipolyticamay exist in an oligomeric state [7].
FRET (ﬂuorescence resonance energy transfer) is a technique fre-
quently used to conﬁrm protein–protein interactions within living
cells [9–11]. Proteins of interest are genetically labelledwithﬂuorescent
proteins (FP) forming a FRET pair. If the molecules carrying the
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the donor can be transferred nonradiatively to the acceptor. Due to
that energy transfer, the ﬂuorescence of the acceptor is enhanced at
the expense of the ﬂuorescence of the donor. These changes in ﬂuores-
cence intensities are often used for FRET detection [10,11]. Intensity-
based ﬂuorescence measurements are, however, complicated due to
bleed-through of the donor ﬂuorescence into an acceptor detection
channel in addition to direct excitation of the acceptor ﬂuorescence,
which limits the reliability of this approach. The intensity-based
measurements can be improved e.g. by methods using acceptor photo-
bleaching, but even here attention should be paid to avoid possible
artefacts [12]. Another approach to FRET measurements uses the
fact that the quenching of donor ﬂuorescence is also manifested as
shortening of its ﬂuorescence lifetime, which can be monitored at mi-
croscopic resolution using FLIM (ﬂuorescence lifetime imaging), en-
abling protein–protein interaction to be localised directly in living
cells [13–17]. TCSPC (time-correlated single-photon counting)-based
FLIM instruments are preferentially used for this kind of studies
[18–20]. In yeast, FLIM–FRET approach based on monitoring of a
Cerulean ﬂuorescence donor lifetime (a variant of the cyan ﬂuorescent
protein with improved quantum yield [21]) was successfully used to
measure interaction of cyclin dependent kinase with B-type cyclins
with cytosolic and nuclear localization [22].
Here we combine FRET–FLIM and acceptor photobleaching based
FRET to detect interactions between proteins localised to distinct com-
partments of yeast cells. We show that Ato proteins form complexes
in the yeast plasma membrane, in which interaction between speciﬁcTable 1
Strains.
Name Genotype
BY-Ato1p-GFP MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO1
BY-Ato2p-GFP MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO2
BY-Ato3p-GFP MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO3
BY-Ato1p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO1
BY-Ato2p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO2
BY-Ato3p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO3
BY-Ato1p-GFP/Ato2p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO1
BY-Ato1p-GFP/Ato3p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO1
BY-Ato2p-GFP/Ato1p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO2
BY-Ato2p-GFP/Ato3p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO2
BY-Ato3p-GFP/Ato1p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO3
BY-Ato3p-GFP/Ato2p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO3
BY-Ato1p-CFP MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO1
BY-Ato2p-CFP MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO2
BY-Ato3p-CFP MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO3
BY-Ato1p-Venus MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO1
BY-Ato2p-Venus MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO2
BY-Ato3p-Venus MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO3
BY-Ato1p-CFP/Ato2p-Venus MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO1
BY-Ato2p-CFP/Ato1p-Venus MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO1
BY-Ato3p-CFP/Ato1p-Venus MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO1
BY-Ato3p-CFP/Ato2p-Venus MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, ATO1
BY-Fet3p-GFP MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, FET3
BY-Ftr1p-GFP MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, FTR1
BY-Fet3p-GFP/Ftr1p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, FET3
BY-Fet3p-tdimer2/Ftr1p-GFP MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, FET3
BY-Jen1p-GFP MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, JEN1
BY-Jen1p-GFP/Ato1p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, JEN1
BY-Jen1p-GFP/Ato2p-tdimer2 MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, JEN1
BY-Met17p-GFP MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, MET
BY-Ato1p-GFP (BY4741) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0, A
BY-Ato2p-GFP (BY4741) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0, A
BY-Ato3p-GFP (BY4741) MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0, A
BY-Ato1p-GFP/Ato1p-tdimer2 MATa/MATα; his3Δ1/his3Δ1; leu2Δ0/leu2Δ0
ATO1–yEGFP–CaURA3/ATO1-tdimer2–CaURA
BY-Ato2p-GFP/Ato2p-tdimer2 MATa/MATα; his3Δ1/ his3Δ1; leu2Δ0/leu2Δ0
ATO2–yEGFP–CaURA3/ATO2-tdimer2–CaURA
BY-Ato3p-GFP/Ato3p-tdimer2 MATa/MATα; his3Δ1/ his3Δ1; leu2Δ0/ leu2Δ
ATO3–yEGFP–CaURA3/ATO3-tdimer2–CaURAAto proteins as well as between the same molecules of a particular
Ato protein can occur.
2. Materials and methods
2.1. Strains and media
The strains used in this study (Table 1) are derived from Saccharo-
myces cerevisiae BY4742 (MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0) and
BY4741 (MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0), obtained from the
EUROSCARF collection. Cells were grown at 28 °C either on GM-BKP
agar (1% yeast extract, 3% glycerol, 2% agar, 30 mM CaCl2, 0.01%
bromcresol purple, pH 5) for 12–13 days (fully developed alkali
phase) or in liquid GM media (1% yeast extract, 3% glycerol, pH 5) for
approximately 24 h.
2.2. Construction of strains containing ﬂuorescent fusion proteins
A ﬂuorescent protein (FP) gene-tag (GFP, tdimer2, CFP, Venus)
was fused to the appropriate gene directly in the chromosome. A “FP-
selection marker” cassette was provided with its 5′-end homologous
to the end of the appropriate gene (without a stop codon) and 3′-end
homologous to the downstream region of the appropriate gene. For
ampliﬁcation of the cassette, we used the primers for the ATO1, ATO2,
ATO3, JEN1,MET17, FET3 and FTR1 genes (Table S1) and the appropriate
plasmid as the template. Single-labelled strains were prepared using
the pKT209 plasmid (GFP, “green” strains), pKT176 (tdimer2, “red”Source
‐yEGFP–CaURA3 This study
-yEGFP–CaURA3 This study
-yEGFP–CaURA3 This study
-tdimer2–CaURA3 Váchová et al., 2009
-tdimer2–CaURA3 This study
-tdimer2–CaURA3 This study
-yEGFP–SpHIS5, ATO2-tdimer2–CaURA3 This study
-yEGFP–SpHIS5, ATO3-tdimer2–CaURA3 This study
-yEGFP–SpHIS5, ATO1-tdimer2–CaURA3 This study
‐yEGFP–SpHIS5, ATO3-tdimer2–CaURA3 This study
‐yEGFP–SpHIS5, ATO1-tdimer2–CaURA3 This study
‐yEGFP–SpHIS5, ATO2-tdimer2–CaURA3 This study
‐yECFP–CaURA3 This study
‐yECFP–CaURA3 This study
‐yECFP–CaURA3 This study
‐yEVenus–Kan This study
‐yEVenus–Kan This study
‐yEVenus–Kan This study
‐yECFP–CaURA3, ATO1‐yEVenus–Kan This study
‐yECFP–CaURA3, ATO1‐yEVenus–Kan This study
‐yECFP–CaURA3, ATO1‐yEVenus–Kan This study
‐yECFP–CaURA3, ATO2‐yEVenus–Kan This study
–yEGFP–CaURA3 This study
–yEGFP–CaURA3 This study
–yEGFP–CaURA3, FTR1–tdimer2–CaURA3 This study
–tdimer2–CaURA3, FTR1–yEGFP–CaURA3 This study
–yEGFP–SpHIS5 This study
–yEGFP–SpHIS5, ATO1–tdimer2–CaURA3 This study
–yEGFP–SpHIS5, ATO2–tdimer2–CaURA3 This study
17–yEGFP–Kan This study
TO1–yEGFP–CaURA3 This study
TO2–yEGFP–CaURA3 This study
TO3–yEGFP–CaURA3 This study
; met15Δ0/MET15;LYS2/lys2Δ0; ura3Δ0/ura3Δ0,
3
This study
; met15Δ0/MET15;LYS2/lys2Δ0; ura3Δ0/ura3Δ0,
3
This study
0; met15Δ0/MET15;LYS2/lys2Δ0; ura3Δ0/ura3Δ0,
3
This study
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strains). Double-labelled strains were prepared using pKT128/pKT176
(GFP–tdimer2, “green–red” strains) and pKT174/pKT103 (CFP–Venus,
“blue–yellow” strains). The constructed cassettes were transformed
[23] into BY4742 cells and positive transformants were selected either
on SD agar medium with auxotrophic supplements or on YPD medium
with the appropriate concentration of antibiotic. Correct integration of
the cassette was veriﬁed by PCR. The diploid strains were constructed
by mating (crossing) the BY4741 and BY4742 strains with ATO-GFP
and ATO-tdimer2 fusions, respectively.
2.3. Microscopy sample preparation
Cells taken from the inner rim of the colony (Fig. S1) were
resuspended in distilled water, spotted onto a cover slip and covered
with a rectangular piece of agarose cut out of a thin 0.8% agarose
layer. Cells from the liquid culture were washed twice with distilled
water before microscopy sample preparation.
2.4. Cell fractionation and GFP detection
Cell lysates from alkali-phase colonies and liquid GM medium, re-
spectively, were prepared [24] and separated to the membrane [4]
and soluble fractions (includes also vacuolar lumen). Proteins from
each fraction were analysed by SDS-PAGE and subsequent immuno-
blotting. To detect Ato-GFP and free GFP proteins, we used mouse
monoclonal anti-GFP antibody, horseradish peroxidase (HRP) conju-
gate (Santa Cruz). The Pma1p, marker of plasma membrane, was
detected by speciﬁc goat anti-Pma1 antibodies (Santa Cruz Biotechnol-
ogy) in combination with rabbit anti-goat IgG-peroxidase (Sigma) as
the secondary antibody [24].
2.5. Fluorescence lifetime imaging
2.5.1. Instrumental setup
We studied two FRET pairs: GFP–tdimer2 and CFP–Venus. Data for
both the pairs were acquired with Microtime 200 inverted confocal
microscope (PicoQuant, Berlin, Germany) [25]. Donors and acceptors
were excited quasi-simultaneously with alternatively pulsing laser
beams [26]. The pulsed interleaved excitation (PIE) allows for indepen-
dentmapping of the acceptor signal, whichwas used for construction of
the saturation curves.
For excitation we used the following excitation wavelengths:
440 nm (LDH-D-C-440) for CFP, 470 nm (LDH-P-C-470) for GFP, and
532 nm (PicoTa) for tdimer2 and Venus. All the used lasers were
from Picoquant (Berlin, Germany) providing ~80 ps pulses. When ap-
plied in the PIE mode, the repetition rate was 20 MHz for each of the
two lasers with the delay between the donor and the acceptor excita-
tion pulse of approximately 25 ns.
The excitation pulses were reﬂected to the objective (60×,
NA=1.2, Olympus, Hamburg, Germany) with Z442/532 RPC (CFP–
Venus) and Z473/532 RPC (GFP–tdimer2) dichroic mirrors (Chroma,
Rockingham, VT). In the detection path, the 50-μm pinhole was placed
to reduce non-focal ﬂuorescence. Behind the pinhole, a ﬂuorescence
signal was split with a 535 DCXC dichroic mirror, and the residual exci-
tation and scattered light were removed with emission ﬁlters: 465/40
(CFP), 505/30 (GFP), and 565/40 (Venus and tdimer2). Eventually, the
light was focused on two single photon avalanche diodes (SPADs,
PDMs, Microphoton Devices, Bolzano, Italy).
Pixel acquisition time was adjusted to acquire the entire image in a
reasonably short time (5 min or less) with sufﬁciently good photon sta-
tistics. The laser power (at the back aperture of the objective) kept
below 4 μW was chosen to minimise photobleaching and saturation
[27]. In the case of the GFP–tdimer pair, the excitation intensity was
3–5 times lower compared to CFP–Venus constructs in order to avoid
pile-up effects.2.5.2. Data acquisition and processing, lifetime analysis
Photon arrival times were stored using fast electronics (Picoharp
300, PicoQuant, Berlin, Germany) in a time-tagged time resolved
(TTTR) recording mode. In this mode, arrival time with respect to the
previous laser pulse is assigned to every photon event. FLIM images
were reconstructed using a robust ﬁtting-free fast-FLIM approach, in
which photons' average arrival time is displayed for every given pixel.
For regions of interest (plasma membrane, vacuoles), integral decay
histograms were calculated and subsequently they were tail-ﬁtted.
Since the ﬂuorescence decay of CFP is reported to be bi-exponential
[28], our data were ﬁtted with a two-exponential model: I(t)=
A1exp(−t/τ1)+A2exp(−t/τ2), where τ stands for ﬂuorescence life-
time and A for amplitude of individual contribution. An average lifetime
was calculated using the following equation: τav=(A1·τ12+A2·τ22)/
(A1·τ1+A2.τ2) [29]. A satisfying ﬁt was typically obtained for ﬂuores-
cence decays counting more than a thousand registered photons in
the peak.2.6. FRET analysis
2.6.1. Half-cell photobleaching approach
First, we measured and imaged ﬂuorescence lifetimes within
whole yeast cells so that we could analyse ﬂuorescence lifetimes in
their plasma membranes. Then, we photobleached the acceptor in a
limited area of a living yeast cell with a strong incident light. Photo-
bleaching was performed by raising the power of the scanning laser
to its maximum (200 μW) and by prolonging the illumination time
per pixel (typically 4× or 5×). This enabled us to photobleach both
acceptors, whether Venus or tdimer2 was used. Finally, we visualised
the possible presence of FRET directly by comparing donor lifetimes
detected in a photobleached and non-photobleached part of the cell.2.6.2. Lifetime dependence on acceptor/donor ratio
For interacting proteins, shortening of the donor lifetime depends
on the relative amount of acceptor available. The experimentally ob-
served lifetime consists of the non-interacting donor lifetime and the
donor lifetime shortened due to FRET. The higher the acceptor-to-
donor ratio (R), the shorter the observed lifetime is. The dependence
of the observed overall lifetime on R can be ﬁtted with an empirical
formula: τD=τD0−Δτ·R/(b+R), where τD0 is the lifetime of a non-
interacting donor, Δτ is the maximum shift in lifetimes due to FRET,
and b is the scaling factor. The lifetime dependence on Rwas generated
from a heterogeneous set of at least 20 ﬂuorescent cells. Rwas calculat-
ed as the amplitude ratio of membrane-integrated decays for the donor
and the acceptor.2.6.3. Fluorescence recovery after photobleaching measurement
Samples for ﬂuorescence recovery after photobleaching measure-
ment (FRAP) were prepared as described above. FRAP analysis was per-
formed using a Leica TCS SP2 AOBS inverted confocalmicroscopewith a
63×1.2 numerical aperture water objective. The 488 argon laser line
was used to excite GFP and the ﬂuorescence emission between
500 nm and 550 nm was recorded. Fluorescence intensities in the re-
spective ROIs (background, bleached part of a membrane and control
part of a membrane) were recorded in each time-point (two different
setups were used: either 3 pre-bleach and 20 post-bleach scans in the
interval of 0.5 s or 6 pre-bleach and 60 post-bleach scans in the interval
of 5 s were done). At least 8 cells of each strain were measured. The
mobile fraction Fm of Ato-GFP proteins was estimated using normalised
data (where pre-bleach intensity was assigned a value 1) and the equa-
tion Fm=(IE− I0)/(1− I0), where IE stands for the end value of the
recovered ﬂuorescence intensity and I0 stands for the ﬁrst post-bleach
ﬂuorescence intensity.
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3.1. Fluorophore lifetime is inﬂuenced by fusion to particular Ato protein
We used two different pairs of ﬂuorescent donor and acceptor, CFP–
Venus [27,30] and GFP–tdimer2 (tandem dimer mutant of dsRed) [31].
We prepared two sets of S. cerevisiae strains containing ATO genes indi-
vidually fused with genes coding for the respective ﬂuorescent proteins
directly in the chromosome (Table 1). The resulting strainswere pheno-
typically comparable with the parental BY4742 strain, thus conﬁrming
that individual Ato proteinswith any of the four C-terminal ﬂuorophore
tags are fully functional. For all measurements described below, we
used cells from 12 to 13-day-old colonies occurring in alkali phase
and producing high quantities of Ato proteins.
Using cells containing single Ato proteins labelled with the particu-
lar donor ﬂuorophore (CFP or GFP, respectively), we ﬁrst determined
the lifetime of the protein-ﬂuorophore fraction localised to the plasma
membrane, i.e. of the ﬂuorophore fused with membrane-localised Ato
protein. Fluorescence data were obtained from a large section of the
plasma membrane (from at least half of the cell) and the average
membrane donor lifetime was calculated. Analysis of smaller yeast
membrane areas (e.g. raft patches) was beyond the resolution of the
method used. The precise ﬂuorescence lifetime value of either CFP or
GFPwas dependent on the particular labelled Ato-protein (Fig. 1). Com-
pared to other GFP-labelled membrane proteins used in the study
(Jen1p, Fet3p and Ftr1p) and to the GFP-labelled cytosolic Met17p,
the lifetime of all GFP-labelled Ato-proteins was shorter (Fig. 1). There
are several possible reasons for these differences in FP lifetimes. Trivi-
ally, the FP could slightly change its conformation when attached
to different proteins and/or in a different probe microenvironment.
Another explanation might be pseudo-homo FRET (i.e. FRET between
two different emissive forms of the same FPs), which was described
for CFP fused with ﬂuorescent proteins crowding inside the cytoplasm
[32]. By analogy, the lifetime shortening observed in the yeast mem-
brane can correspond to a local increase in the concentration of any of
the Ato proteins. Such a shortening of lifetime attributed to energy
migration has already been reported for CFP [33]. The fact that we
found a stronger FP lifetime shortening in Ato1p and Ato3p constructs
accumulating in the raft patches [4] than in Ato2p supports the hypoth-
esis of lifetime shortening due to FP crowding.1.8
1.9
2.0
2.1
2.2
2.3
2.4
Ato1 Ato2 Ato3 Jen1 Ftr1 Fet3 Met17
GFP-labelled proteins
τ 
[ns
]
Fig. 1. Lifetimes of GFP fused with different proteins. Lifetimes were measured using
BY4742 cells producing a particular protein fused with GFP. The values are the mean
of at least 15 cells; bars, SD.3.2. Ato1p and Ato2p interact in the plasma membrane of cells from
alkali-phase colonies
After determining the ﬂuorescence lifetimes of donors fused with
each of the three individual Ato proteins, we analysed donor lifetimes
in double-labelled cells containing any pair of Ato proteins (Table 1)
labelled either with CFP–Venus or GFP–tdimer2 FRET pairs. To avoid
possible artefacts caused by variations in the protein level in a distinct
cell, we devised the following (Fig. 2, details in Section 2.4 and 2.5)
approach: i) measurement of the ﬂuorophore lifetime within the
whole cell membrane to control the homogeneity of protein distribu-
tion, ii) photo-bleaching of the acceptor molecules in half of a partic-
ular cell (the time needed for acceptor photobleaching was 90–120 s
depending on cell size) and iii) FLIM measurement in both halves of
the cell. When interaction between donor- and acceptor-fused plasma
membrane proteins occurs, the ﬂuorescence lifetime of the donor
becomes shorter in the non-photobleached compared to the photo-
bleached half of the cell. On the other hand, the donor ﬂuorescence life-
time remains the same in both halves of the cell when proteins do not
interact. By using this approach, FRET becomes visible directly in FLIM
images of individual cells. As shown in Fig. 3, a signiﬁcant decrease in
donor lifetime was detected in the membrane-localised Ato1p and
Ato2p labelled with either of the ﬂuorophore pairs in both combi-
nations (i.e. the donor ﬂuorophore fused with either Ato1p or Ato2p).
The average shift in donor lifetime was about 0.15 ns for CFP–Venus
labelling (Fig. S2) and 0.25 ns for GFP–tdimer2 labelling of Ato1p–
Ato2p proteins (Fig. 3A). In contrast, such a decrease in lifetimes was
not observed for combinations of either Ato1p and Ato3p or Ato2p
and Ato3p. Photobleaching control experiments using cells where
only the donor ﬂuorophore was present did not show any signiﬁcant
difference in donor lifetimes when comparing the photo-bleached and
non-photobleached halves of one cell (Fig. S3). This conﬁrmed that
donor ﬂuorescence is not artiﬁcially affected by the incident light used
for the acceptor photobleaching.
As the time window in between the subsequent FLIM measure-
mentswas typically 90–120 s, lateral diffusion of bleached proteins dur-
ing this period of time could inﬂuence the measurement. Speciﬁcally, it
would lead to lowering of the difference between the bleached and
unbleached half of the cell. However, proteins of the yeast plasmamem-
branewere shown to exhibit very slowmobilitywhen compared to that
of mammalian cells [34,35]. Additionally, Pma1p-GFP, which is an inte-
gralmembrane proteinwith tenmembrane spanning domains, showed
signiﬁcantly lower mobility when compared to lipid anchored protein
Ras2p-GFP [36]. To check the extent of the lateral diffusion of Ato-GFP
proteins, we performed a FRAP (ﬂuorescence recovery after photo-
bleaching) experiment taking 5 min. No signiﬁcant recovery of ﬂuores-
cence signal was seen neither in 2 min after photobleaching (the
maximum time window of the subsequent FLIM measurements) nor
in 5 min at the end of the FRAP experiment (Fig. S4). Using normalised
FRAP data, mobile fraction Fm of all Ato-GFP was estimated, giving the
following values: for Ato1p-GFP 7.3±2.7%, for Ato2p-GFP 8.9±2.9%
and for Ato3p-GFP 5.2±3.3%.
As we have already shown, Ato proteins are targeted to the vacu-
oles for degradation [4]. Compared to plasma membrane-localised
ﬂuorophores fused with Ato, when vacuolar lumen in the cells was se-
lectively photobleached, donor lifetimes were shifted non-speciﬁcally
by approximately 0.06 ns in each of the strains carrying any pair of ﬂuo-
rescent proteins (Fig. 3B). In addition, the donor lifetimes exhibited a
wider range of ﬂuctuations than the lifetimes of donors fused with
Ato proteins present in the membrane. The reason is a rapid degrada-
tion of Ato proteins in vacuoles, while relatively stable molecules of
ﬂuorescent protein in the vacuoles accumulate in high concentrations
(Fig. 4) and can potentially interact randomly. These data proved that
donor lifetime shifts detected in themembranes reﬂect speciﬁc interac-
tion of particular Ato proteins. Such interaction disappears when an Ato
protein part is removed from the fusion protein.
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vantages. The acceptor Venus is easier to photobleach, but exposure to
the scanning beam even during standard FLIM imaging can markedly
reduce the ﬂuorescence of both Venus and donor CFP. This could
cause acceptor photobleaching even during the initial scan, which will
reduce FRET and diminish the contrast between photo-bleached and
non-photobleached cells. It was observed that the lifetime of CFP-like
ﬂuorescent proteins can be shortened due to light exposure [37,38].
For these reasons, the low intensity of an excitation laser beam should
be used and repetitive scanning of the same cell should be avoided.
In combination with the low quantum yield of the CFP and Venus
ﬂuorophores, the ﬂuorescence data thus have to be collected from
larger areas of the sample (e.g. larger areas of the plasma membrane).
Half-cell photobleaching turned out to be the optimal approach, as it
guarantees the registration of CFP lifetimes from areas of comparable
size and ﬂuorophore intensity. The quantum yield of GFP and tdimer2
is generally much higher and less affected by the excitation light. This
even allows lifetimes to be compared on a whole cell before and afterphotobleaching, without risking artiﬁcial lifetime shortening due to
exposure of the ﬂuorophore to incident light during the initial scanning,
as mentioned above. Sufﬁcient photobleaching of the tdimer2 acceptor,
however, requires higher intensities of incident light. Overall, the GFP–
tdimer2 better than the CFP–Venus pair distinguishes differences in life-
times between interacting and non-interacting fusion proteins. Donor
lifetimes measured for the GFP–tdimer2 pair are also less variable
than those measured for the CFP–Venus pair because of higher ﬂuores-
cence signals, enabling a higher accuracy of lifetime calculation.
3.3. Analysis of variation in lifetimes over the cell population conﬁrmed
Ato1p–Ato2p interaction
A yeast colony is composed of differentiated cell subpopulations
with their own speciﬁc gene expression and properties [24,39]. Cells
harvested from the colony are therefore heterogeneous and the amount
of individual Ato proteins in the plasma membrane of individual
cells varies. We therefore applied a second donor FLIM measurement
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a heterogeneous yeast population. This approach is based on the as-
sumption that changes in the concentration ratio between acceptor-
and donor‐fused interacting proteins in the membrane of individual
cells will be reﬂected in the extent of overall donor lifetime shift. With
a low concentration of the acceptor relative to the concentration of
donor, there is a relatively low number of donor/acceptor pairs in con-
tact and the ﬂuorescence of free donor prevails in the overall ﬂuores-
cence signal. However when the acceptor is in excess, the portion of
donors in contact is much higher, the ﬂuorescence of quenched donors
prevails and the mean ﬂuorescence lifetime detected from the
membrane is markedly shortened. Thus, when proteins interact, a
donor ﬂuorescence lifetime markedly decreases with increased accep-
tor/donorﬂuorescence intensity ratio. On the other hand, in the absence
of protein–protein interaction, a donor ﬂuorescence lifetime is either
independent of acceptor/donor ﬂuorescence intensity ratio or partially50
37
25
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AbPma1p 100
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Ato3p
L M S L M S L M S
kDal
Fig. 4. Ato-GFP fusion proteins and free GFP in plasma membrane and soluble cell fraction.
Ato1p-GFP, Ato2p-GFP and Ato3p-GFP, respectively, grown in colonies or liquid cultures. G
detected by anti-Pma1p antibody (AbPma1p) was used as a marker of plasma membrane.shortened due to an excitation transfer occurring at high concentrations
of the fused proteins in themembrane (see Section 3.1). However, these
situations are clearly distinguishable (see the dependencies measured
for interacting and non-interacting proteins in Fig. 6B). Dependence of
FRET efﬁciency on acceptor intensity behaving accordingly to saturable
kineticswas previously shown in [40]where CFP andYFPwere attached
to modiﬁed lipids to visualise lipid dynamics in plasma membrane of
live Madin–Darby canine kidney cells.
We randomly selected a set of 20–30 yeast cells from the respec-
tive population and, in parallel, recorded an overall donor and accep-
tor ﬂuorescence intensity from the membrane of each cell. We
calculated an acceptor/donor intensity ratio, analysed an appropriate
donor ﬂuorescence lifetime and ﬁt the dependence of donor lifetimes
on the acceptor/donor ratio (R) (see Section 2.5.2). Fig. 5 shows the
dependence of lifetimes on the intensity ratios for all combinations
of Ato-GFP/Ato-tdimer2 fusion proteins. The plots exhibit saturationColonies
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the donor molecules should be gradually fully occupied by the inter-
acting acceptor molecules with their increasing concentration.
The mean donor lifetime cannot be shorter than the lifetime of an
individual donor molecule interacting with the acceptor molecule.
The acceptor/donor ratios were in a comparable range for all of our
double-ﬂuorophore constructs (Fig. S5). This excludes the possibility
that for certain combinations we could only observe FRET stemming
from a high concentration of acceptor molecules in the vicinity of
donor molecules. In the photo-bleaching-based method, this situation
is not taken into account.
The approach presented here is convenient for the detection of
new protein–protein interactions in living yeast cells by means of
ﬂuorescence lifetime imaging. It avoids the negative impact of natural
variation in cell populations (that is often present in biological samples)
on the result of FRETmeasurement when only a randomly chosen indi-
vidual cell is analysed. In contrast, it takes advantage of this variability
and avoids the necessity of acceptor photobleaching. As for Ato pro-
teins, this approach fully conﬁrmed the speciﬁc Ato1p–Ato2p interac-
tion observed by the photobleaching method (see Section 3.2).3.4. Ato1p and Ato3p form homodimers in the membrane
Differences in the lifetime of a donor ﬂuorophore fused with indi-
vidual Ato proteins (see above) together with the formation of Ato
raft patches observed previously [4] raised the question of whether
molecules of a particular Ato protein are able to mutually interact.
To analyse this possibility, we developed an approach based on the
donor FLIM measurement of diploid yeast strains containing the
two copies of the same ATO gene labelled differently (with a donor
and acceptor ﬂuorophore pair) in the two paired chromosomes. To
achieve this, we prepared three diploid strains (Ato1p-GFP/Ato1p-
tdimer2, Ato2p-GFP/Ato2p-tdimer2, Ato3p-GFP/Ato3p-tdimer2) and
measured individual Ato protein interactions using the half-cell
photobleaching method (see Section 3.2). As shown in Fig. 3C, a sig-
niﬁcant decrease in donor lifetime was detected with Ato1p and
Ato3p diploids, while the difference between the photobleached
and non-photobleached half of the cell was not signiﬁcant in Ato2p
diploids. Ato1p and Ato3p are thus able to form homodimers or
homooligomers in the yeast plasma membrane.3.5. The reliability of approaches was tested using proteins exhibiting a
known interaction
To conﬁrm the functionality of these established FLIM approaches,
proteins with a known interaction were examined. We chose multi-
copper oxidase Fet3p and iron permease Ftr1p [41] which physically
interact and which were shown to exhibit positive FRET [42]. Both
these proteins are involved in high-afﬁnity FeII uptake and are
thought to form heterodimeric or higher-order oligomeric complexes
in the yeast plasma membrane [43]. We analysed cells producing
Fet3p and Ftr1p proteins labelled with GFP and tdimer2 ﬂuorophores
by both approaches. We measured GFP donor lifetimes in the mem-
branes of a representative set of cells to gauge their dependence on
the acceptor/donor ﬂuorophore ratio (Fig. 6B) and we examined the
changes in donor ﬂuorophore lifetime after photobleaching (Fig. 6A).
Both results clearly conﬁrmed a Fet3p–Ftr1p interaction (Fig. 6).
As a negative control, we used the Jen1p protein, involved in lac-
tate uptake [44]. This protein is produced in the cells of GM-grown
liquid cultures together with Ato proteins, but there is no structural
or functional reason to presume a physical interaction between this
protein and any of the Ato proteins. The absence of a detectable inter-
action between Jen1p-GFP and Ato1p-tdimer2, as well as between
Jen1p-GFP and Ato2p-tdimer2 was conﬁrmed by lifetime measure-
ment of the donor ﬂuorophore (Fig. 6). In parallel, we monitored
donor lifetime changes in cells containing labelled Ato1p and Ato2p
proteins, which revealed an Ato1p–Ato2p interaction, even in cells
growing in liquid GM (Fig. 5).
4. Conclusions
Herewe present two approaches for monitoring protein–protein in-
teraction in yeast cells and, particularly, in distinct cellular compart-
ments. The measurement of donor lifetime without and after
photobleaching enables protein–protein interaction monitoring in one
cell, thus eliminating possible artefacts caused by unequal production
of the proteins in different cells. This is particularly usefulwhen a differ-
entiated cell population is analysed and a particular protein–protein
interaction needs to be correlated with a particular cell function. In
addition, by using this approach, differences in protein–protein interac-
tion in different cellular compartments can be characterised. Correlat-
ing ﬂuorophore ratios with donor ﬂuorophore lifetimes in individual
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whole cell population, composed of cells with various ratios of the pro-
duction of both proteins. Both acceptor photobleaching-based approach
and acceptor/donor intensity ratio approach led to the same results.
Using these approaches,we show that the proteins Ato1p and Ato2p
can physically interact when present in the membrane of yeast cells,
probably forming complexes. In addition, we show that Ato1p and
Ato3p with non-uniform distribution in the membrane [4] can form
homodimers and/or oligomers. Neither an interaction between Ato1p
and Ato3p, nor between Ato2p and Ato3p, nor homodimerization of
Ato2p that exhibits dispersed plasma membrane localisation was
observed using our approach. Molecular interaction between theseproteins, however, cannot be entirely excluded. These results fully
support our hypothesis that Ato proteins form complex(es) and are in
accordance with our previous ﬁndings that each of the three Ato pro-
teins is necessary for sufﬁcient ammonia production and healthy devel-
opment of yeast colonies [3]. One can speculate that homo-Ato1p- or
Ato3p-complexes are formed within the membrane raft microdomain
patches. Of those proteins, only Ato1p that is (in contrast to Ato3p)
able to change membrane distribution according to the extracellular
pH [4] can interact with Ato2p monomers that are dispersed in the
membrane.Acknowledgements
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